The aim of this systematic review was to provide an objective summary of the published literature pertaining to the use of stereotactic body radiation therapy (SBRT) specific to previously untreated spinal metastases. METHODS The authors performed a systematic review, using Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, of the literature found in a search of Medline, PubMed, Embase, and the Cochrane Library up to March 2015. The search strategy was limited to publications in the English language. RESULTS A total of 14 full-text articles were included in the analysis. All studies were retrospective except for 2 studies, which were prospective. A total of 1024 treated spinal lesions were analyzed. The median follow-up time ranged from 9 to 49 months. A range of dose-fractionation schemes was used, the most common of which were 16-24 Gy/1 fraction (fx), 24 Gy/2 fx, 24-27 Gy/3 fx, and 30-35 Gy/5 fx. In studies that reported crude results regarding in-field local tumor control, 346 (85%) of 407 lesions remained controlled. For studies that reported actuarial values, the weighted average revealed a 90% 1-year local control rate. Only 3 studies reported data on complete pain response, and the weighted average of these results yielded a complete pain response rate of 54%. The most common toxicity was new or progressing vertebral compression fracture, which was observed in 9.4% of cases; 2 cases (0.2%) of neurologic injury were reported. CONCLUSION There is a paucity of prospective data specific to SBRT in patients with spinal metastases not otherwise irradiated. This systematic review found that SBRT is associated with favorable rates of local control (approximately 90% at 1 year) and complete pain response (approximately 50%), and low rates of serious adverse events were found. Practice guidelines are summarized based on these data and International Stereotactic Radiosurgery Society consensus.
S
pinal metastases are a common cause of morbidity in patients with cancer. Nearly 100,000 cases of bone metastases are diagnosed each year, and their most common location is the spine. 12 Spinal metastases have traditionally been treated with conventional palliative irradiation. This approach is associated with several limitations, particularly relatively low rates of complete response to pain and local control. 7, 12, 17, 30 Furthermore, efficacy has been limited to the short term, and as patients are living longer with metastatic disease, more durable rates of pain relief are necessary. With respect to local control, actuarial rates after conventional palliative irradiation have been poorly studied. At least 1 study found 1-year local control rates of less than 50% in certain scenarios, such as in patients with bulky tumors with extraosseous extension. 16 In addition, conventional low biologically equivalent dose (BED) irradiation, such as 8 Gy in 1 fraction (fx), has been associated with an increased rate of spinal adverse events, including malignant epidural spinal cord compression, hospitalization, and new/ worsened neurological symptoms. 13 The data suggest that a suboptimal radiation dose might not be a good palliative treatment for patients with spinal metastases.
Stereotactic body radiation therapy (SBRT), with its delivery of a substantially higher BED than otherwise delivered conventionally, was developed with the intent to improve complete response rates to pain and local control. 23 The current data seem to support this potential; however, the current literature is limited to data from a few prospective trials and predominantly retrospective studies. Furthermore, most of the literature is based on response in heterogeneous patient populations, including those with various tumor histologies, previous radiation, and/or surgical failures, as well as previously untreated patients. Given that previous irradiation affects the ability to deliver additional radiation to a given spinal level, to respect the cumulative dose tolerance to the spinal cord, reirradiation dose distributions are inherently more limited than in those treated with up-front (de novo) SBRT. This distinction is particularly critical when one considers that most local failures occur with progression in the epidural space. 2, 22 Thus, the purpose of this study was to systematically review the literature for outcomes in patients with spinal metastases treated with SBRT in the "de novo" setting, that is, patients who have not had previous surgery or irradiation to the affected spinal segment.
Methods
A systematic review was performed using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards of quality for reporting systematic reviews with the assistance of a designated medical librarian team.
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Search Strategy
We conducted a systematic review by searching Medline (OvidSP 1946 through Week 1 of March 2015), PubMed (1946 to February 25, 2015) , Embase (OvidSP 1974 through March 10, 2015) , and the Cochrane Library (Wiley Online, inclusive years). The search strategy was not limited by study design but was limited to the English language. Medline (OvidSP), Embase (OvidSP), and Cochrane searches were conducted on March 11, 2015. Supplementary efforts to identify studies included checking reference lists and contacting experts in the field.
Search words included spine/spinal neoplasms, spinal cord neoplasm, radiosurgery SBRT, stereotactic body radiotherapy, stereotactic radiosurgery, stereotactic body radiation, SABR, stereotactic ablative body radiation, stereotactic ablative body radiotherapy, radiotherapy dosage, fractures, compression, and radiation injuries.
Eligibility Criteria
Published studies that reported clinical outcomes for patients treated with SBRT for spinal metastases were included if the report included, at a minimum, clinical outcomes regarding local control or pain control. Studies that included a mixed group of previously irradiated and unirradiated patients were included only if outcomes regarding the previously unirradiated subset could be deciphered. Abstracts, case reports, studies with 5 or fewer patients, and reports not published in English were excluded. In cases of studies that were clearly updates of previous publications, the series with the longest follow-up was used.
Outcome Measures
The primary outcome measures were rates of local control and complete pain response. In addition, information on overall survival, numbers of patients and lesions, tumor histology, median follow-up duration, and dose and fractionation were also collected. Information was extracted directly from the published articles. For studies that reported crude results of local control, data were summarized by adding the total number of tumors with local control divided by the total number of treated lesions. For studies that reported actuarial results, the weighted average of the studies was used to generate an overall value. Similarly, for studies that reported complete pain response, a weighted average was used to generate an overall rate.
Biologically Equivalent Dose
To compare the efficacy of differing dose and fractionation schemes, the BED was calculated according to the equation BED = nd [1 + d/(a/b)], where n is the number of fractions, d is the dose per fraction, and the a/b ratio for tumor is 10.
Results
Search Results
The initial search resulted in 348 results from OVID, 597 from Embase, 494 from PubMed, and 15 from the Cochrane database, which led to a total of 1454 results that then were assessed for removal of duplicates, leaving 932 results. These results, in turn, were screened based on title and abstract, which left 110 potential articles selected for in-depth screening. The full text of these articles was obtained, and ultimately, 14 articles were selected for inclusion. A Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart with a list of reasons for exclusion is shown in Fig. 1. A total of 14 studies were found suitable for inclusion, and they all are listed in Table 1 along with other important findings from the studies. Nine studies included patients with mixed histologies, 4 included patients exclusively with renal cell carcinoma (RCC), and 1 included patients exclusively with breast cancer. Two studies were prospective in nature, and 12 were retrospective.
Patient and Target Characteristics
The total number of treated lesions was 1024. The number of patients treated was estimated to be 816. The reason this number is an estimation is that some studies reported only the number of patients or the number of lesions instead of both. For this reason, we assumed that each lesion described in the studies referred to a separate patient. The median follow-up durations ranged from 9 to 49 months.
Notable Studies
Only 2 prospective studies were found. The first was a Phase I/II study of SBRT from the MD Anderson Cancer Center (MDACC). 2 It included previously irradiated patients, so data on only 28 patients without previous radiation or surgery were eligible for the analysis. Patients were treated with 27-30 Gy in 3-5 fx. The crude local control rate was 68.1%. Pain response was not discussed.
The other prospective study was also from the MDACC and focused on previously unirradiated patients treated with single-fraction SBRT. 8 This study included patients with various histologies and generally prescribed 18 Gy to the tumor; however, in cases of RCC, 24 Gy in a single fraction was delivered using a simultaneous integrated boost technique (24 Gy to gross tumor volume [GTV] in 1 patient and 18 Gy to clinical target volume [CTV] in 1 patient). Although none of the patients had undergone radiation previously, some patients had undergone previous surgical procedures; thus, inclusion was limited to 47 lesions in patients without previous surgery. The median followup duration for the entire group was 20 months. The median survival time for the entire group was 30 months, and survival times were similar in postoperative and de novo patients. Pain was assessed using the Brief Pain Inventory (BPI). 16 The percentage of patients pain free was higher after treatment, and as a group, more of these patients had a ≤ 3 BPI score 3 and 6 months after treatment, although these results were not statistically significant.
The largest experience was a pooled multiinstitutional study focused specifically on previously untreated spinal metastases. 11 It included data from 8 centers and involved 301 patients with 387 spinal metastases. The median dose was 24 Gy in 3 fx, although there was considerable variation in the fractionation scheme; approaches using 1-20 fx were used. With a median follow-up duration of 19.5 months, the local control rate was 89.9% at 1 year. There was a 4.1% risk of new vertebral compression fracture. Fifty-eight percent of the patients were rendered completely pain free.
Radiation Dose
We found considerable variations in dose and fractionation schemes among the reports and occasionally within individual studies, as detailed in Table 2 . Overall, 8 studies used mainly a single-fraction approach, 1 study used mainly a 2-fx approach, and 5 studies used mainly a 3-to 5-fx approach. Common dose and fractionation schemes included 16-24 Gy/1 fx, 24 Gy/2 fx, 24-27 Gy/3 fx, and 30-35 Gy/5 fx. The range of BEDs was 20-81.6 Gy; 9 of the 14 studies had a median BED of 50 Gy or higher. Table  3 lists commonly used fractionation schemes for SBRT and conventional irradiation. 
Local Tumor Control
Data on local control were available for all studies except for 1 of them. All studies for which local control data were reported used follow-up imaging as the basis for reporting outcomes. One study, however, also used symptomatic findings of worsened pain as a marker of progression. 20 Reporting of local control differed; some studies reported crude rates, and others reported actuarial rates. For studies that reported crude values, 346 (85%) of 407 lesions remained controlled. For studies that reported actuarial values, the weighted average result revealed a 90% 1-year local control rate.
Pain Response
Only 6 studies reported any data on pain response specifically for de novo patients, and it was reported most commonly using a visual analog scale. One study used a descriptive scale (i.e., pain free, mild/moderate pain, and severe pain). Three studies reported a complete pain response rate that ranged from 23.1% to 58%. The weighted average of these results revealed a complete pain response rate of 54%. No study documented pain-control results using the international consensus pain response end points.
Late Toxicity
Eleven of the 14 studies provided data regarding late toxicity ( Table 2 ). The most common toxicity was new or progressive vertebral compression fracture, which occurred in 9.4% of the patients overall. Most studies grouped new fractures and progression of existing fractures together. Two studies reported that the rate of new vertebral compression fracture after SBRT was 43% and that the rate of progression of existing vertebral compression fractures was 57%. 11, 28 Time to fracture was reported 20/1 (median) 60 (median) NR = not reported; pts = patients. * Number of patients or treated lesions was not explicitly stated, so an estimate was created using an assumption of 1 lesion per patient. † Overall survival was reported for all patients, not necessarily only the de novo subset.
in only 1 study and was found to be 1.6 months. 28 Overall, only 2 (0.2%) cases of neurologic injury were reported. A single tracheoesophageal fistula in a patient who underwent adriamycin chemotherapy was reported.
Survival
All studies reported overall survival data including all patients but not specifically patients with previously untreated spinal metastases, who were the focus of this study. The median overall survival results were favorable, ranging from 15 to 19 months, and the 1-year overall survival rates ranged from 65% to 80%.
Discussion
In this systematic review, we synthesized results from 14 studies, including more than 1000 lesions treated with SBRT for de novo spinal metastasis. The results support the use of spine SBRT in this population, due to the high rate of local control achieved, with a 1-year actuarial rate of 90%. In terms of pain response, data were available from only half of the studies included in this search. Three study reports included results on complete pain response. Moreover, although the rates of complete pain response were favorable, with a 54% weighted rate, no study used international consensus pain response end points to account for possible changes in medication use, which might have obfuscated the true source of the benefit. Nevertheless, the 54% rate of complete relief is substantially higher than the 23% reported in a previous systematic review of conventional external-beam radiation therapy (EBRT). 5 Late toxicity was low, with a 9% rate of overall vertebral compression fracture, a 0.2% crude risk of neurologic injury, and 1 case of tracheoesophageal fistula.
Our study is also notable in that the results highlight the wide variety of dose and fractionation schemes currently being used for spine SBRT. As seen in Table 3 , regardless of the fractionation scheme chosen, SBRT resulted in doses that are significantly greater than those achieved with conventional irradiation. To date, there is no Level I evidence to suggest a benefit of 1 SBRT dose fractionation over another. However, the results of some institutional series suggest a benefit to higher-dose single-fraction approaches. 6 High-dose single-fraction approaches have also been associated with an increased risk of vertebral compression fracture. 21 A randomized study to compare 24 Gy in 1 fx versus 27 Gy in 3 fx is nearly finished accruing patients (ClinicalTrials.gov Identifier NCT01223248), and the hope is that it will provide answers on the subject.
Emerging data, at least from the conventional EBRT setting, suggest that higher doses might be more effective. A recent review of 299 patients with uncomplicated spinal metastases (no previous radiation, surgery, or cord compression) compared outcomes of patients treated with conventional EBRT using single-fraction regimens of 8 Gy or longer course regimens (most commonly, 20 Gy/5 fx or 30 Gy/10 fx). 13 Investigators studied the rates of spinal adverse events, namely, symptomatic vertebral body fracture, hospitalization for uncontrolled pain at the previously treated spine site, interventional procedures for pain at the treated site, salvage spinal surgery, new or worsened neurological symptoms, and cord or cauda equina compression. In a propensity score-matched analysis, the rates of spinal adverse events were 22% in the single-fraction arm and 6% in the multifraction arm (p = 0.003). In mul- tivariate analysis, single-fraction irradiation, a spinal instability neoplastic score of 11 or higher, and higher body mass index predicted adverse events, which leads us to prefer higher total dose-fractionated approaches when using conventional EBRT for spine metastases. The question of whether higher-dose irradiation with SBRT can yield improvements over conventional EBRT is under investigation in the Radiation Therapy Oncology Group (RTOG) 0631 trial (ClinicalTrials.gov Identifier NCT00922974), a Phase II/III study to compare 8 Gy in 1 fx and 16-18 Gy of SBRT. The Phase II feasibility component has been completed, and the Phase III portion is currently under way. 18 This study will be limited to de novo patients and will focus on pain response at 3 months; it should provide high-level evidence for the benefits of high-dose SBRT in comparison with those of conventional palliative irradiation. In addition, a randomized Phase II study from the National Cancer Institute of Canada (ClinicalTrials.gov Identifier NCT02512965) is comparing outcomes between 20 Gy in 5 fx of conventional palliative irradiation with 24 Gy in 2 fx of SBRT. At the time we wrote this review, 20 of the planned 54 patients had been enrolled.
Another notable finding of this systematic review is the favorable median survival time observed (15-17 months) . Although this result likely represents patient selection, it also highlights the limitations of previous trials that focused on pain outcomes at short intervals of 3 months. It also suggests that pain and disease control 6 months to even 1 year later might be more reasonable end points on which to focus in future trials. Survival-prediction models reported by both the Cleveland Clinic and MDACC might identify longer-term survivors, but their results remain to be validated on a larger scale. 4, 27 Given the absence of randomized data, the question of who the optimal candidate is for spine SBRT is challenging. Patients ideally would be treated in a clinical trial.
In the absence of clinical trial availability, decisions are made for SBRT on a case-by-case basis, geared around 2 concepts, 1) patient longevity and the importance of durable local control and 2) markers of local disease aggressiveness that suggest potential inferior outcomes with conventional EBRT. In the first case, markers of patient longevity, such as bone-only metastases or oligometastatic disease 28 or application of the aforementioned survival models, can be helpful tools in patient selection. In terms of local disease aggressiveness, the excellent outcomes seen with SBRT in traditionally radioresistant tumors, such as melanoma, RCC, and sarcoma, suggest its potential utility in patients. For example, the largest RCC study (which included 105 lesions) found a 2-year local control rate of 90%. 26 In addition, previous studies with conventional EBRT found that patients with bulky "mass-type" tumors with extraosseous extension experienced a less than 50% control rate at 1 year when conventional EBRT was used. 15 It is thought that the higher doses achieved with SBRT might help overcome these poor control rates. Table 4 lists International Stereotactic Radiosurgery Society (ISRS) recommendations for patients in the de novo setting for whom spine SBRT should be considered.
Our study had limitations, largely because of the lack of high-quality studies focused on de novo spine metastases. In addition, authors of most of the published literature analyzed a mixed patient population, including those with recurrent or progressive spine metastases along with radiation-naive spinal lesions. Frequently, results were not reported separately for the previously untreated group; thus, the data were not sufficient for inclusion in our study. Given that spine SBRT is a technically demanding procedure, most publications on the subject emanated from the same few institutions. Although attempts were made to avoid duplication of data when a publication was a clear update of a previous series, in other instances in which the possibility of duplication was unclear or unknown, the studies were included. Last, significant variability existed between studies in regard to pain assessment, definitions of local tumor control, and the timing of follow-up imaging studies. It is fortunate that attempts to standardize these procedures are under way, and guidelines were published recently. 29 In addition, it should be noted that the authors of most papers that described outcomes for spine SBRT did not take into account factors such as the type and amount of systemic therapy patients received, which certainly could have had an effect on factors such as overall survival and local tumor control.
Conclusions
In summary, results of this review confirm high rates of local control (90% at 1 year) and complete pain response (> 50%) and low rates of toxicity for patients with de novo spinal metastases after SBRT. However, the quality of published studies currently is limited. Additional prospective (and preferably histology-specific) study of de novo patients is needed. The 2 randomized studies currently under way should provide high-level evidence to better elucidate the relative benefits from and outcomes of spine SBRT in the near future.
Given the paucity of prospective data, the ISRS recommendation is to participate preferentially in clinical trials if they are available. If no trial is available, then based on the literature and current clinical trial inclusion and exclusion criteria, the following are reasonable criteria for offering patients spine SBRT: oligometastatic disease, boneonly metastases and an expected survival of > 3 months, bulky tumors with extraosseous extension, tumors with low-grade epidural disease, radioresistant histology (RCC, melanoma, or sarcoma), and limited disease to be treated (no more than 3 separate spinal sites, each with no more than 2 contiguous vertebral bodies that require treatment); patients who are mechanically unstable and those who have symptomatic malignant epidural spinal cord compression or cauda equina syndrome should be excluded. It should be noted that these recommendations are based mainly on expert opinion corresponding to low-level evidence (Levels IV-V), as summarized in Table 4 
